The largest source of uncertainty on the initial neutrino flux in modern accelerator neutrino experiments is the poor knowledge on the production of hadrons that decay into neutrinos. T2K is a long baseline neutrino experiment that aims to precisely measure the parameters of the PMNS matrix via the ν µ → ν e appearance and ν µ disappearance as well as to look for the first indication of CP violation in the leptonic sector. The required total systematic uncertainty on the neutrino flux as low as 5% can hopefully be achieved with high precision hadron production measurements, performed by the dedicated auxiliary NA61/SHINE experiment at the CERN SPS. Production of hadrons in 31 GeV/c proton interactions on carbon is measured with a thin target (4% of the nuclear interaction length) to study the primary interactions and with a T2K replica target (1.9 interaction length) to investigate re-interactions in the long target. The low statistic pilot data-set taken in 2007 was used to measure hadron multiplicities with the thin target and to demonstrate the capabilities of the spectrometer with the T2K replica target. High statistics 2009 and 2010 runs have been used to perform precise measurements. The latest 2009 results on charged pion, kaon and proton spectra are presented and experimental data are compared to model predictions. The re-weighting procedure used to tune the T2K neutrino flux is presented as well. This method will be very important also for the future neutrino long-baseline experiments for which a precision of about 2% on the flux knowledge is required for the discovery of CP violation in the lepton sector.
The NA61/SHINE experiment
One of the main problems for the modern accelerator neutrino experiments is the large source of uncertainty on the initial neutrino flux due to the poor knowledge on the production of hadrons that decay into neutrinos. T2K (Tokai to Kamioka) [2] is a long baseline neutrino experiment which aims to precisely measure the parameters of the PMNS matrix via the ν µ → ν e appearance and ν µ disappearance and to search for CP violation in the lepton sector [3, 4] , requiring a total systematic uncertainty on the neutrino flux of about 5%. This can be achieved by performing precision hadron production measurements at NA61/SHINE (SPS Heavy Ion and Neutrino Experiment), a fixed target experiment at the CERN SPS, which consists of a large acceptance detector with very good capabilities of momentum, charge and mass measurements [1] . A proton beam at the T2K energy, 31 GeV/c, is used. The primary interactions are measured using a thin carbon target (2 cm long, 4% of the nuclear interaction length), while a T2K replica target (90 cm long and 1.9 interaction length) is necessary to measure the re-interactions of the produced hadrons (secondary interactions).
A low statistic pilot data-set was taken in 2007 to measure the hadron multiplicities with the thin target and to test the method developed for the measurement with the long target [5, 6, 7] . High statistics 2009 run data-set have been used to perform precise measurements.
Almost all the T2K phase space is covered by the 2009 data set, which improved the coverage with respect to the 2007 data set, as shown in fig. 1 . Furthermore new particle spectra, like protons, K 0 S and Λ have been measured.
Derivation of the spectra
The particle spectra are derived by measuring the number of particles α in momentum and azimuthal angle (p-θ ) intervals with inserted (∆n I α ) and removed (∆n R α ) target, which allows to measure the out-of-target interactions background. The differential cross section is performed using
which subtracts the background estimated using the data. α is the particle type (e.g. π − ). N I and N R are the numbers of events selected with target inserted and removed. ∆p (∆θ ) is the bin size in momentum (polar angle), and ε = 0.123 ± 0.004 is the measured ratio of the interaction probabilities with removed and inserted target. σ trig is the measured trigger cross section, related to the number of protons on target interactions, which is
The particle spectra normalized to the mean particle multiplicity in production interactions is calculated as
where σ prod is the measured cross section for production processes which normalizes the spectra. The production cross section has been measured with the 2009 run data set:
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In fig. 2 the measured production cross section is compared with the other measurements available in literature.
Charged hadrons spectra
The multiplicities of the charged hadrons (pions, kaons and protons) are measured exploiting the energy loss informations given by the TPCs as well as using the particle time of flight measured by the ToF detector, in order to have a better particle identification above 1 GeV/c. MC
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The statistical uncertainties have been reduced by a factor of three with respect to the results obtained with the 2007 run data. Also the systematic uncertainties are reduced by a factor of two. The largest contributions come from the uncertainty on the particle identification and the feed-down corrections, due to the decay of neutral strange particles (V 0 ) such as K 0 S → π + π − and Λ → pπ − , which consist of the main source of systematic for π + , π − and protons. 
V 0 multiplicities
In order to reduce the systematic uncertainty of the feed-down corrections, the spectra of the produced K 0 S and Λ have been measured. Furthermore most of the T2K ν e flux at high energy is produced by K 0 L → π − ν e e + and the measured K 0 S spectra can be used to constrain this component. In fig. 5 the measured spectra of K 0 and Λ normalized to the total production cross section are shown.
Long target analysis
The hadron spectra measured with the thin target data can constrain the expected T2K neutrino flux only up to about 60%. Indeed the tertiary component, which consists of hadrons produced by interactions of secondary particles in the target or outside, produces about 40% of the neutrino flux. This component can be measured by analyzing the T2K replica target data.
Pions multiplicities, exiting the T2K replica target surface in five longitudinal bins of 18 cm each plus the downstream face, are measured. The method was successfully tested with the 2007 run data but the statistics was not enough to tune the T2K neutrino beam flux. The high statistics 2009 data set allows to perform a reliable measurements of the tertiary components.
The statistical uncertainty is between 5% and 8% and the systematic uncertainty is about 5% for particles exiting the central bins of the target while for the upstream and downstream faces it is about 14%. The combination of the spectra measured with both the thin and long target allows to constrain the T2K neutrino flux up to the 90%.
Tuning of the T2K neutrino beam
The hadron spectra measured at NA61/SHINE are used to tune the T2K expected neutrino flux, which is estimated with MC simulations: proton interactions in the target are simulated with
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the Fluka generator, the propagation in the beam-line is estimated using Geant3 interfaced with the GCALOR generator. For each kind of particle i the weights are calculated as the ratio between the external data, with priority given to NA61/SHINE measurements, and T2K MC expectation in each p-θ bin:
where p 0 and A are respectively the momentum of the interaction and the atomic number. The scaling hypothesis is used to extrapolate and re-weight the interactions that occur in different materials or in the regions of the phase space not covered by the external measurements. A detailed description of the procedure is given in [11] .
The procedure has been successfully tested with the 2007 pilot run. After the flux tuning the total uncertainty was reduced from about 30% down to about 12%, though still dominated by the hadron production. In the next future also the 2009 run data will be used to tune the T2K neutrino flux, further reducing the total flux systematic uncertainty.
Conclusions
The measurements of the hadron spectra at NA61/SHINE performed with the 2009 run data with the same proton beam and carbon target as at T2K are presented. They will be used to constrain the T2K neutrino flux for the next oscillation analyses. The phase space is better covered than with the 2007 run data and new particle spectra, such as protons, K 0 S and Λ are measured. Furthermore both statistical and systematic uncertainties have been reduced by a factor of 2-3.
New complementary analyses of the thin target 2009 data set which measure the charged pions spectra also for momenta below 1 GeV/c will be released soon.
The 90% of the T2K neutrino flux can be constrained by combining the measured spectra based on the thin target and long target data. The statistical uncertainties will be further reduced when also the 2010 run data set with the T2K replica target will be analyzed.
For the future neutrino long baseline experiments (LBNO-LAGUNA, LBNF, HyperKamiokande), which aim to measure CP violation in the leptonic sector, a total uncertainty on the neutrino flux prediction as low as 2% is mandatory. Hence it will be necessary to perform precise measurements of the hadron production.
